The high temperature strength and the thermal shock resistance of scandia-stabilized zirconia (ScSZ) electrolyte sheet and planar cell specimen of Solid Oxide Fuel Cell (SOFC) with the actual thickness could be evaluated successfully using by piston on ring (POR) and infrared radiation heating (IRH) methods respectively. The fracture strength of ScSZ electrolyte was decreased with increase of experimental temperature and scandia content. The fracture load of cell specimen that was tried to fabricate with anode and cathode-electrodes decreased as compared with electrolyte. The thermal shock strength of electrolyte specimen was changed with fracture strength and thermal expansion coefficient.
Introduction
A small-scale SOFC combined heat and power (CHP) system for the residential and commercial application, requires continual rapid start up and shut down operation. However, large temperature difference may be occurred in the cell due to these conditions, and it leads thermal shock fracture of the cell consisted of ceramic materials. It is necessary to improve the thermal shock resistance and fracture strength of the ceramic cell.
ScSZ which is one of the candidate materials as the electrolyte of SOFC has a higher ionic conductivity than yttria-stabilized zirconia (YSZ). 1, 2) It is important that the various properties, such as fracture strength and thermal shock resistance, are examined in the actual specimen size and shape of electrolyte-supported planar cell and the operating temperature.
The thermal shock testing method was created on the basis of several other testing techniques. The quenching method which is quenched by water or cooling gas has been used industrially. The thermal shock resistance is usually evaluated on the basis of the critical quenching temperature difference that is determined by residual strength, and the generation of the crack after quenching. The heating techniques include arc discharge heating, 3) laser irradiation heating, 4, 5) resistor heating with a metal film heater, 6) and IRH. [7] [8] [9] [10] The IRH method, in particular, makes it possible to determine thermal shock parameters directly from the electrical charge. In our past studies, we estimated the thermal shock resistance of various ceramics using IRH methods. This is the rapid heating technique using infrared rays which have the stable heat flux condition. The thermal shock resistances of various ceramics could be estimated quantitatively by the thermal shock parameters.
In this study, the high temperature fracture strength and the thermal shock resistance of ScSZ electrolyte and cell specimen with the actual thickness were evaluated using by POR and IRH methods respectively.
Experimental Procedures
We used three kinds of specimens in this experiment. ES: thin disk electrolyte specimen. 4-7 mol% Sc 2 O 3 doped zirconia (4-7ScSZ) and 10 mol% Sc 2 O 3 with 1 mol% CeO 2 doped zirconia (10Sc1CeSZ) which were fabricated by tape casting process were sintered at 1623 K. BS: bulk specimen. To compare with the fracture strength of ES, 4 mol% Sc 2 O 3 doped zirconia which was fabricated by powder forming process was sintered at 1623 K. CS: thin disk cell specimen. After the anode was baked at 1598 K to the surface of ES, the cathode was baked to opposite side at 1223 K.
Fracture strength test of ES and CS were performed by the POR method using silicon carbide jigs, as shown in Fig. 1 . The POR method as common fracture strength testing method of disk specimen is defined in ASTM F394. A diameter of upper loading piston was 10 mm. A circle of the support balls were arrayed at diameter of 30 mm under the ES and CS (040 Â 0:15{0:25 mm). The displacement at the center of disk specimen could be measured by the push rod. Fracture strength test was performed at room temperature, 573 K, 873 K, and 1073 K. Strength value was calculated using the finite element method (FEM), because the calculation formula of ASTM could not be applied by the large deflection condition as of this experiment. heating areas on both sides of the disk to enhance absorptivity of the infrared (IR) rays. The apparatus used for the IRH method was represented in Fig. 3 . The surface of the specimen disk was covered with heat insulating material, to prevent IR rays radiation except in the heating area and heat loss by air convection around the specimen. The IR rays which was radiated from the lamp, converged in the ellipsoid mirror. The total reflection was achieved with a quartz rod, and the specimen was irradiated. Thermal shock fracture occurred by means of IR rays entering from both sides of the specimen. Start time of crack propagations was determined with an acoustic emission device.
Analysis
Several thermal shock resistance parameters were suggested in the previous reports. 11, 12) For standardized thermal shock testing, however, thermal shock resistance parameters as material constants should be established on the basis of the physical properties of materials. We proposed two thermal shock parameters as physical properties: thermal shock strength, representing the resistance to thermal shock fracture, and thermal shock fracture toughness, denoting the resistance to the initiation of crack propagation. A theory of the thermal shock parameters was described below.
When considering the thermal stress problem of a hot plate subjected to rapid cooling, the relation between the temperature difference, Á, and the maximum stress occurring in the plate, max , for a relatively small Biot number was expressed by the following approximation:
where E was the Young's modulus, was the thermal expansion coefficient, was the Poisson ratio, was the thermal conductivity, h was the heat transfer coefficient, and l was the half-thickness of the plate. Excluding the numerical constant and the factors related to experimental environment h, l and (1 À ) from eq. (1), the critical value of the combination of the material properties was defined as follows:
where f is the fracture strength of the material. Equation (2) , which are defined combinations of the material properties, were referred to herein as 'calculated values' of the thermal shock parameters. Considering temperature dependencies of the thermal properties, eq. (2) should be calculated by substitution of the material properties at the temperature of the fracture point.
The thermal shock parameters could be evaluated directly from the electrical charge and the testing conditions of the IR heating technique. The heat flux, q, in the specimen was calculated from the electric charge as
where was the efficiency of the transforming electric power into heat flux, W was the supplied electronic power to the IR ramps, and a was the radius of the heated area on the disk.
The maximum circumferential component of the thermal stress in the disk, max , was defined in the following nondimensional form:
where Q was a variable having the dimension of temperature defined as
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where H was the thickness of the disk, r 0 was the radius of the disk, and i was the thermal conductivity of the material at the initial temperature. Substituting eq. (4) into eq. (2), we got
Equation (6), defined combinations of the experimental conditions, were referred to herein as 'experimental values' of the thermal shock parameters. We confirmed that the calculated value and the experimental value were in accord for the IRH thermal shock test.
9)
4. Results and Discussion Figure 4 showed a load-displacement curve of ES at the room temperature during the POR testing. The maximum displacement at the center of ES that was measured by the push rod reached about 0.6 mm. Calculation formula of fracture strength in ASTM F394 could not apply when the displacement is over the half of specimen thickness. In order to calculate the fracture strength of ES, we used the simulation by the FEM. There was good accord in loaddisplacement between the calculated values by FEM analysis and the experimental values, as shown in Fig. 4 . Figure 5 showed a sample of fractured ES after the POR test. Fracture was occurred at under the circumference of upper loading piston. This accorded with the point of the maximum tensile stress by FEM analysis.
Fracture strength of ES
Temperature dependence of fracture strength of ES measured by the POR test was shown in Fig. 6 . The fracture strength of 4ScSZ ES examined by the POR test showed a good agreement with that of BS examined by the four-point bending test. This result suggested that the POR test was applicable to the estimation of fracture strength of thin electrolyte sheet with actual size. Fracture strength was decreased with increase of the scandia content of ES at every temperature conditions. The average grain size of 4ScSZ ES and 7ScSZ ES were about 0.5 mm and 1.0 mm respectively. It has been reported that the grain growth was promoted with the scandia content in ScSZ. 1, 2) The decrease of fracture strength of ES with scandia content thought to be due to the increase of pore size at grain boundary with the grain growth. Although the fracture strength was almost same from room temperature until 573 K, it was rapidly decreased over 873 K, and the fracture strength at 1073 K was almost half of it at room temperature. The temperature dependence of fracture strength of 3 mol% YSZ was reported by thermal degradation mechanism. 14) In order to confirm the thermal degradation of ES, the fracture strength of ES which was performed the heat treatment at 1073 K was also measured. The fracture strengths at the room temperature of heated specimens were almost same that of as-sintered specimens, as shown in Fig. 7 . Thermal degradation mechanism was not acted in the experimental conditions of this study. In order to confirm the phase transformation of ScSZ with temperature, the high temperature XRD analysis was performed. Figure 8 showed the high temperature XRD data measured at the every temperature of fracture testing conditions. Monoclinic phase of 4ScSZ which was existed a small amount in as-sintered specimen was disappeared over 873 K. However, the monoclinic phase was appeared again at room temperature. A decrease of the high temperature strength of YSZ was reported. 15, 16) The amount of metastable tetragonal phase decreased with yttria content that contributed to the strengthening mechanism by the stress-induced t-m phase transformation. In this study, metastable tetragonal phase of ScSZ was stabilized at the high temperature, as well as YSZ. Because of the stress-induced t-m phase transformation was hard to occur, strengthening mechanism did not act over 873 K. However, decreasing of fracture strength due to the creep deformation may have been also occurred over 1000 K. Figure 9 showed a change of the fracture load of the CS at the room temperature by POR test. The thickness of ES (0.15 mm) is different from that of CS (0.25 mm). Although the thickness of CS was larger than that of ES, the fracture load of the CS ( ) decreased in compared with ES ( ). The fracture load measured in the condition of cathode side ( ) setting the tensile stress side (lower surface) was smaller than anode side ( ). In order to confirm the thermal degradation during baking process, heat treatment was performed to the ES at baking temperature, 1598 K. Because of the fracture load of heated specimen ( ) is almost same to as-sintered ES, the thermal degradation was not occurred. The fracture load of CS that was removed anode and cathode ( ) using the grinder was almost same to that of ES. Therefore, the decrease of fracture load of CS was possibly due to the residual stress caused at the baking process of electrodes. Cell strength is important for the practical use. It is necessary to examine exactly relations of cell processing conditions and its fracture strength. Figure 10 showed the thermal shock strength of ES evaluated by the IRH method and eq. (6) . Thermal shock strength of ScSZ was about from 500 to 1500 Wm À1 in this experiment. That is lower than alumina (3000 Wm À1 ) and silicon nitride ceramics (10000 Wm À1 ). 9) Thermal shock strength of 10Sc1CeSZ was much lower than other ScSZ specimens. It was thought to be caused by low fracture strength of 10Sc1CeSZ, as shown in Fig. 6 . Although the fracture strength of 7ScSZ was lower than the 4-6 ScSZ, the thermal shock strength was the highest. Thermal shock strength was changed by the other material properties as shown in eq. (2) . It has reported that the thermal expansion coefficient of ScSZ was decreased with increase of scandia content.
Fracture behavior of CS
Thermal shock strength of ES
2) Thermal stress which was occurred in the specimen during the thermal shock was decreased with decreasing the thermal expansion coefficient. If the decrease of the thermal expansion coefficient was larger than the decrease of fracture strength, the thermal shock strength thought to be increased by the change of scandia content. 
Conclusions
The temperature dependence of the fracture strength and thermal shock strength of ScSZ as used for the electrolyte and cell of SOFC was evaluated by POR and IRH method respectively. The POR and IRH test was applicable to the estimation of the fracture strength and thermal shock resistance with actual size electrolyte. The fracture strength of ES was rapidly decreased over 873 K, and the fracture strength at 1073 K was almost half of it at room temperature. The fracture load of the CS decreased in compared with electrolyte. It was possibly due to the residual stress caused at the baking process of electrodes. The thermal shock strength of ES was changed as fracture strength and thermal expansion coefficient. 
